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MICROWAVE DEMULSIFICATION OF HYDROCARBON 

EMULSION 

Field of the Invention 

[0001 ] The invention relates generally to hydrocarbon recovery 

techniques. More particularly, the invention relates to hydrocarbon recovery via 
application of microwave energy. 

Background of the Invention 

[0002] Hydrocarbons, such as petroleum products, have been recovered 

from underground media, such as oil shale, tar sand, and ground water 
contamination, using a variety of techniques, including heat and chemical 
treatment. As is well known in the art, heating the petroleum products reduces 
their viscosity, facilitating extraction from the medium. Various techniques 
have been proposed for heating the petroleum products. For instance, a 
geologic formation can be heated via electrodes deployed in the ground using 
resistance heating. As an alternative, the geologic formation can be heated by 
steam that is either delivered to the geologic formation or formed within the 
geologic formation. 

[0003] Microwave energy can also be used to generate heat for 

extracting petroleum products from an underground medium. Generally, 
microwave techniques use an elongate antenna that is located below ground 
level, typically within a borehole, at the site where heating is desired. A radio 
frequency (RF) generator, such as a magnetron or a klystron generator, 
generates an RF signal, which typically contains microwave energy. A coaxial 
transmission line or other waveguide transmits the RF signal from the RF 
generator to the antenna, which radiates the RF signal to the surrounding 
environment, i.e., the underground medium. 

[0004] The antenna delivers microwave energy to the underground 

medium, heating the petroleum products. As a result, the viscosity of the 
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hydrocarbons is lowered, which in turn reduces the pumping power involved in 
extracting the petroleum products. Further, the mobility of the petroleum 
products in the medium is increased relative to the mobility of water in the 
medium, reducing the amount of water that is extracted by pumping. 
[0005] The use of microwave energy to heat and remove hydrocarbons 

from other environments, such as oil-based emulsions, has also been proposed. 
For example, in some conventional techniques, a hydrocarbon and water 
emulsion flows through a microwave cavity having emulsion flow chambers. 
These chambers, in combination with a microwave waveguide, form a resonant 
chamber within which microwave energy reflects to treat the flowing emulsion. 
[0006] While microwave treatment of emulsions can separate the 

emulsions to some degree, certain drawbacks of some conventional approaches 
limit the effectiveness of those approaches. For example, the heat generated in 
the process may be sufficient to ignite nearby materials, such as explosive gas 
byproducts or the hydrocarbons themselves. Cooling systems or explosion 
suppression systems are often required to reduce the likelihood of explosion. 
One technique to suppress ignition and reduce the likelihood of explosion is 
disclosed in U.S. Patent No. 5,829,528, issued November 3, 1998 to Uthe, 
entitled IGNITION SUPPRESSION SYSTEM FOR DOWN HOLE 
ANTENNAS, the disclosure of which is hereby incorporated herein by 
reference in its entirety. 

[0007] Further, in approaches in which microwave energy is emitted 

from a source above the emulsion, the microwave energy often does not 
penetrate adequately deeply to treat the entire emulsion. Only a portion of the 
emulsion, such as a surface layer, is heated effectively, potentially resulting in 
inefficient demulsification. Even in approaches in which microwave energy is 
applied via an antenna inserted in a borehole, many antennas do not radiate the 
microwave energy effectively. As a result, such antennas typically consume 
relatively large amounts of power, leading to high costs. In addition, a 
substantial portion of the microwave energy not radiated is internally reflected 
within the antenna, potentially resulting in heating of the antenna itself and an 
elevated risk of combustion as described above. 
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Summary of the Disclosure 

[0008] According to various example implementations of the present 

invention, a microwave applicator delivers microwave energy to a treatment 
volume containing an emulsion of a hydrocarbon and a substrate. The treatment 
volume may be located either above or below ground. For example, the 
treatment volume may be a treatment tank or an underground medium located 
near a down hole or bore hole, such as a geologic formation containing oil 
shale, tar sand, or ground water contamination. Delivering the microwave 
energy to the emulsion imparts energy to electrons and molecular bonds 
between the hydrocarbon and the substrate. The molecular bonds separate as a 
result, facilitating demulsification of the hydrocarbon from the substrate. 
[0009] In one implementation, a radio frequency (RF) applicator 

includes an antenna body. The antenna body has a longitudinal axis and an 
outer surface defining a plurality of slots. The slots are substantially parallel to 
one another and substantially perpendicular to the longitudinal axis. 
[0010] Another implementation is directed to a demulsification 

arrangement that includes a power source and a containment structure adaptable 
to receive an emulsion comprising a microwave-absorptive material and a 
substrate. An RF is applicator operatively coupled to the power source and 
positioned within the containment structure to deliver microwave energy. The 
RF applicator includes an antenna body having a longitudinal axis and an outer 
surface defining a plurality of slots. The slots are substantially parallel to one 
another and substantially perpendicular to the longitudinal axis. When the 
containment structure contains the emulsion and the applicator delivers the 
microwave energy into the treatment volume, the microwave-absorptive 
material and the substrate are demulsified. 

[001 1] Another implementation is directed to a demulsification 

arrangement in which a radio frequency (RF) generator, operatively coupled to 
a power source, is configured to generate an RF signal. A control arrangement 
is configured to be operatively coupled to the RF generator to control generation 
of the RF signal. An RF applicator is configured to be operatively coupled to 
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the RF generator. The RF applicator is positioned in a treatment volume 
containing an emulsion comprising a microwave-absorptive material and a 
substrate to transmit the RF signal. The RF applicator includes an antenna body 
having a longitudinal axis and an outer surface defining a plurality of slots that 
are substantially parallel to one another and substantially perpendicular to the 
longitudinal axis. When the control arrangement, the RF applicator, and the RF 
generator are operatively coupled and the RF applicator transmits the RF signal 
into the treatment volume, the microwave-absorptive material and the substrate 
are demulsified. 

[0012] Various implementations may provide certain advantages. With 

the slots oriented substantially perpendicular to the longitudinal axis, the RF 
applicator efficiently delivers microwave energy into the treatment volume. 
Substantially all of the power supplied to the RF applicator is radiated into the 
treatment volume, with very little power reflected internally within the RF 
applicator. Energy costs are reduced as a result. Further, relatively little heat is 
generated within the RF applicator, greatly reducing the need to cool the RF 
applicator. In addition, higher levels of microwave energy can be used to 
demulsify the emulsion, resulting in more effective demulsification with less 
heat generated within the RF applicator itself. 

[0013] Additional advantages and features of the present invention will 

become apparent from the description and the claims that follow, considered in 
conjunction with the accompanying drawings. 

Brief Description of the Drawings 

[0014] Figure 1 is a system diagram illustrating an example 

demulsification system operable in connection with a contained treatment 
volume. 

[0015] Figure 2 is a system diagram illustrating an alternate example 

demulsification system operable in connection with an underground treatment 
volume. 

[0016] Figure 3 is a plan view illustrating an example microwave energy 

applicator. 
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[0017] Figure 4 is a cross-sectional view taken across section 4-4 of 

Figure 3. 

[001 8] Figure 5 is a plan view illustrating a portion of the microwave 

energy applicator of Figure 3. 

[0019] Figure 6 is a side view illustrating the portion of the microwave 

energy applicator depicted in Figure 5. 

[0020] Figure 7 is a plan view illustrating an example implementation of 

one component of the microwave energy applicator of Figure 3. 

Detailed Description of Various Embodiments 

[0021] Various embodiments of a demulsification system facilitate 

recovery of hydrocarbons, such as petroleum products, from a liquid or solid 
substrate by using microwave energy to energize and separate molecular bonds 
between the hydrocarbons and the substrate. A microwave applicator delivers 
microwave energy to a treatment volume containing an emulsion of a 
hydrocarbon and a substrate. Delivering the microwave energy to the emulsion 
imparts energy to electrons and molecular bonds between the hydrocarbon and 
the substrate. As a result, the hydrocarbon and substrate molecules separate into 
strata or layers. Hydrocarbons and other products can then be recovered from 
their respective layers. The treatment volume may be located either above or 
below ground. For example, the treatment volume may be a treatment tank or a 
medium located near a down hole or bore hole, such as a geologic formation 
containing oil shale, tar sand, or ground water contamination. 
[0022] In one implementation, a radio frequency (RF) applicator 

includes an antenna body with slots formed substantially parallel to one another. 
The slots have a substantially transverse orientation relative to the longitudinal 
axis of the antenna body. That is, the slots are substantially horizontal when the 
longitudinal axis of the antenna body is in a vertical orientation. With the slots 
oriented in this way, the RF applicator efficiently delivers microwave energy 
into the treatment volume. Much of the power supplied to the RF applicator is 
radiated into the treatment volume, with very little power reflected within the 
RF applicator and thus wasted. With a decreased amount of wasted energy, a 
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greater portion of the energy supplied to the RF applicator is actually used to 
demulsify the emulsion. Overhead and, in turn, energy costs are reduced as a 
result. Further, relatively little heat is generated within the RF applicator, 
greatly reducing the need to cool the RF applicator. In addition, higher levels of 
microwave energy can be used to demulsify the emulsion, resulting in more 
effective demulsification with less heat generated within the RF applicator 
itself. 

[0023] The following description of various embodiments implemented 

in demulsifying emulsions of hydrocarbons and water is to be construed by way 
of illustration rather than limitation. This description is not intended to limit the 
invention or its applications or uses. For example, while various embodiments 
of the invention are described as being implemented in demulsifying emulsions 
of hydrocarbons and water, it will be appreciated that the principles of the 
invention can be employed in other applications. For example, various 
embodiments can be used to demulsify other types of emulsions, including 
emulsions in which a material that absorbs microwave energy is emulsified with 
a liquid or solid substrate. 

[0024] In the following description, numerous specific details are set 

forth in order to provide a thorough understanding of various embodiments of 
the present system and method. It will be apparent to one skilled in the art that 
the present system and method may be practiced without some or all of these 
specific details. In other instances, well known components and process steps 
have not been described in detail in order to avoid unnecessarily obscuring the 
present disclosure. 

[0025] Referring now to the drawings, Figure 1 illustrates an example 

demulsification system 1 0 operable in connection with a contained treatment 
volume 12. The contained treatment volume 12 may be contained, for example, 
within a storage tank located on the ground or mountable on a truck. By way of 
example and not limitation, the storage tank can be implemented as a 
conventional "frak" type tank having dimensions of approximately 8' in height, 
8' in width, and 40' in length and having a storage capacity of approximately 
12,000 gallons. It will be appreciated by those of skill in the art, however, that 



7 

the storage tank may have any of a variety of shapes, dimensions, and storage 
volumes. For example, the storage tank may be implemented as a substantially 
larger tank having a storage capacity of 40,000-50,000 gallons. A radio 
frequency (RF) generator 14 controlled by a control subsystem 16 generates an 
RF signal, preferably a microwave signal. An applicator 18 is operatively 
coupled to the RF generator 14 by, for example, a waveguide 20. The 
waveguide 20 preferably is formed of a material that can effectively transmit the 
RF signal, e.g., a metal such as copper, aluminum, or stainless steel. The 
waveguide 20 can have any of a variety of shapes. Alternatively, the applicator 
18 may be operatively coupled to the RF generator 14 by a coaxial transmission 
line or other suitable RF signal conduit. While not required, the applicator 18 
may be swivel-mounted so as to be rotatable about its longitudinal axis. 
[0026] When the RF generator 14 generates an RF signal, the 

waveguide 20 transmits the RF signal to the applicator 18. The applicator 18 
then radiates the RF signal, which contains microwave energy, into an emulsion 
22 stored in the contained treatment volume 12. As shown in the example of 
Figure 1, the applicator 18 is inserted in a tube 24 disposed within the contained 
treatment volume 12. Inserting the applicator 18 in the tube 24 facilitates more 
effective penetration of the microwave energy into the emulsion 22 relative to 
some conventional treatment systems in which an applicator is located 
externally to, e.g., above, the material to be treated. 

[0027] The microwave energy delivered by the applicator 18 interacts 

with the constituents of the emulsion 22, weakening the molecular bonds that 
maintain emulsification of the constituents. In an emulsion of hydrocarbons and 
water, for example, the microwave energy weakens the molecular bonds 
between hydrocarbon molecules, water molecules, and surfactant molecules. 
Application of a sufficient power level of microwave energy to the emulsion 22 
causes these molecular bonds to be broken, facilitating separation of the 
hydrocarbons and the water. 

[0028] The effect of the microwave energy on the emulsion 22 depends 

on the frequency and power level of the microwave energy. Accordingly, the 
applicator 18 is configured to radiate microwave energy that has a frequency or 
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frequencies that are selected to break the molecular bonds effectively. As 
described more fully below in connection with Figures 3-6, the applicator 18 
includes an antenna in which slots are formed. The sizes and configuration of 
the slots are selected to promote radiation of an effective frequency or 
frequencies of microwave energy. 

[0029] The slots are preferably formed horizontally on two surfaces of 

the antenna. That is, the slots are formed in a direction perpendicular to the 
longitudinal axis of the antenna. Forming the slots horizontally, rather than 
vertically as in some conventional antennas, enables the applicator 1 8 to radiate 
substantially all of the microwave energy into the contained treatment volume 
12. By contrast, some conventional antennas exhibit internal reflection of the 
microwave energy. Such internal reflection may have a number of adverse 
effects. Reflection of microwave energy within an antenna potentially results in 
undesirable heating of the antenna, increasing the risk of igniting materials in 
the environment, such as explosive gases. In addition, microwave energy that is 
converted to heat within the antenna in this way is not radiated into the 
treatment volume and is essentially wasted. By substantially eliminating 
internal reflection of microwave energy, the applicator 18 generates 
significantly less heat relative to some conventional microwave antennas. 
Further advantageously, the applicator 1 8 radiates substantially all of the energy 
it receives from the RF generator 14 into the contained treatment volume 12, 
significantly improving the energy efficiency of the process. 
[0030] While ignition of materials in the environment by the applicator 

18 is unlikely, the characteristics and performance of the antenna may be 
affected by ingress of fluids or gases into the applicator 18. Accordingly, it is 
desirable to prevent substantial ingress of fluids or gases into the applicator 18. 
The applicator 18 preferably is encapsulated within an enclosure that at least 
nearly provides a hermetic seal from fluids and gases. This enclosure can be 
formed from any of a variety of materials, including, for example, fiberglass or 
silicone. Other suitable materials noted in the art include TEFLON® 
polytetrafluoroethylene (PTFE), low dielectric ceramics, and polyethylene. 
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[0031] In some implementations, the antenna may be tapered from one 

end to the other. For example, the antenna width at one end proximate to the 
waveguide 20 may be greater than the antenna width at another end distal to the 
waveguide 20. Tapering the antenna in this way amplifies the RF signal at the 
distal end of the antenna to counteract attenuation of the RF signal as it is 
propagated along the length of the antenna. Efficient radiation of microwave 
energy into substantially the entire contained treatment volume 12 is facilitated 
as a result. In this way, the applicator 18 effectively demulsifies substantially 
the entire emulsion 22 as described above. 

[0032] As the emulsion 22 is demulsified, it separates into layers or 

strata according to the specific gravities of the components of the emulsion 22. 
Components having relatively low specific gravities, such as hydrocarbons, 
occupy strata closest to the surface of the emulsion 22. Conversely, 
components having higher specific gravities, such as water and other substrates, 
occupy lower strata. The components having the highest specific gravities, such 
as solids, settle to the bottom of the contained treatment volume 12. The 
duration of the application of microwave energy depends on a number of 
considerations, including, for example, the nature of the emulsion 22, and the 
power level of the microwave energy. As an illustrative example, the contents 
of a standard "frak" type tank can be demulsified within 4-12 hours with an 
applied power of 30 kW, depending on the complexity of the emulsion 22. 
[0033] Outlet ports 26 are disposed along a wall of the contained 

treatment volume 12. After the emulsion 22 has been demulsified, the outlet 
ports 26 can be tapped to extract the desired components. While Figure 1 
illustrates five outlet ports 26, the contained treatment volume 12 may have 
more or fewer outlet ports 26. For some applications, for example, a single 
outlet port 26 to extract hydrocarbons near the surface of the emulsion 22 may 
be sufficient. In other applications, the contained treatment volume 12 may 
omit the outlet ports. In such applications, tubes may be inserted within the 
contained treatment volume 12 for pumping the hydrocarbons out of the 
contained treatment volume 12. Water may be removed via a water purification 
system, and solid substrates may be removed by shovelling or other suitable 
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removal techniques well known to those of skill in the art. It will be appreciated 
that hydrocarbons, water, and solid substrates may be removed during, rather 
than after, demulsification in a continuous process. 
[0034] Figure 2 is a system diagram illustrating another example 

demulsification system 30 operable in connection with an uncontained 
treatment volume. While the uncontained treatment volume is depicted in 
Figure 2 as a geologic formation 32 in the earth, the principles of the present 
invention can be applied to a variety of environments, including but not limited 
to, for example, oil spills, contaminated aquifers, and tar sands. 
[0035] In the implementation shown in Figure 2, a borehole 34 extends 

down into the geologic formation 32. A radio frequency (RF) generator 36 
controlled by a control subsystem 38 generates an RF signal, preferably a 
microwave signal. An applicator 40 is operatively coupled to the RF generator 
36 by, for example, a waveguide 42. The waveguide 42 preferably is formed of 
a material that can effectively transmit the RF signal, e.g. , a metal such as 
copper, aluminum, or stainless steel, and can have any of a variety of shapes. 
Alternatively, the applicator 40 may be operatively coupled to the RF generator 
36 by a coaxial transmission line or other suitable RF signal conduit. The 
waveguide 42 preferably has an upper end that is positioned adjacent ground 
level so the operator can access the device without undue difficulty. The 
applicator 40 preferably is positioned within the borehole 34 adjacent the area to 
be treated. For example, the applicator 40 may be positioned 100-200 feet deep 
in the borehole 34. The depth at which the applicator 40 is positioned is limited 
only by the length of the waveguide 42. As will be well understood by those in 
the art, the upper end of the waveguide 42 is usually not precisely at ground 
level. Rather, the upper end can be several feet below the level of the adjacent 
ground or, more typically, extend several feet above the level of the adjacent 
ground to enable easier access to any necessary fittings. Accordingly, when the 
upper end or any other structure is said to be "adjacent ground level," it should 
be understood that this is a relative term and does not require the relevant 
structure be precisely aligned with the adjacent ground. 
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[0036] When the RF generator 36 generates an RF signal, the 

waveguide 42 transmits the RF signal to the applicator 40. The applicator 40 
then radiates the RF signal, which contains microwave energy, into the geologic 
formation 32. The microwave energy interacts with the constituents of the 
geologic formation 32, which may include, for example, hydrocarbons, water, 
and other liquid and solid substrates in any combination. As described above in 
connection with Figure 1 , the microwave energy weakens the molecular bonds 
between the hydrocarbons, substrates, and surfactants. If the microwave energy 
has sufficient power, the molecular bonds are broken, facilitating separation of 
the hydrocarbons from the substrate materials. 

[0037] The effect of the microwave energy on the geologic formation 32 

depends on the frequency and power of the microwave energy. Accordingly, 
the applicator 40 is configured to radiate microwave energy having sufficient 
power and having a frequency or frequencies that are selected to break the 
molecular bonds effectively. As described more fully below in connection with 
Figures 3-6, the applicator 40 includes an antenna in which slots are formed. 
The sizes and configuration of the slots are selected to promote radiation of an 
effective frequency or frequencies of microwave energy. 

[0038] The slots are preferably formed horizontally on two surfaces of 

the antenna. That is, the slots are formed in a direction perpendicular to the 
longitudinal axis of the antenna. Forming the slots horizontally, rather than 
vertically as in some conventional antennas, enables the applicator 40 to radiate 
substantially all of the microwave energy into the geologic formation 32. 
Internal reflection of microwave energy is substantially eliminated. 
Accordingly, the applicator 40 generates significantly less heat relative to some 
conventional microwave antennas. Further advantageously, the applicator 40 
radiates substantially all of the energy it receives from the RF generator 36 into 
the geologic formation 32, significantly improving the energy efficiency of the 
process. 

[0039] While ignition of materials in the environment by the applicator 

40 is unlikely, the characteristics and performance of the antenna may be 
affected by ingress of fluids or gases into the applicator 40. Accordingly, it is 
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desirable to prevent substantially ingress of fluids or gases into the applicator 
40. The applicator 40 preferably is encapsulated as described above in 
connection with Figure 1 . Suitable materials noted in the art for encapsulating 
the applicator 40 include silicone, fiberglass, TEFLON® PTFE, low dielectric 
ceramics, and polyethylene. Further, while not required, the applicator 40 may 
be further protected from ingress of gases and fluids by a supply of a gas 
positioned adjacent ground level. Examples of suitable gases include anaerobic 
gases such as carbon dioxide or nitrogen. Anaerobic gases limit the amount of 
available oxygen and, hence, further reduce the likelihood of combustion in the 
borehole 34. The gas may be supplied in the form of a cold liquid, such as 
liquid nitrogen, or even a solid, such as frozen carbon dioxide. More 
commonly, though, the gas is supplied from a pressurized tank or the like 
positioned on the ground or in a vehicle adjacent the top of the borehole 34. A 
regulator (not shown) preferably delivers the gas at a constant, controlled rate. 
[0040] In some implementations, the antenna may be tapered from one 

end to the other. For example, the antenna width at one end proximate to the 
waveguide 42 may be greater than the antenna width at another end distal to the 
waveguide 42. Tapering the antenna in this way amplifies the RF signal at the 
distal end of the antenna to counteract attenuation of the RF signal as it is 
propagated along the length of the antenna. Efficient radiation of microwave 
energy into substantially the entire geologic formation 32 is facilitated as a 
result. In this way, the applicator 40 effectively demulsifies substantially the 
entire geologic formation 32 as described above. For example, the applicator 40 
can radiate enough microwave energy to recover hydrocarbons within a radius 
of the applicator on the order of 1700 feet. 

[0041] As the geologic formation 32 is demulsified, strata or layers form 

according to the specific gravities of the components of the geologic formation 
32. Components having relatively low specific gravities, such as hydrocarbons, 
occupy strata closest to the top of the geologic formation 32. Conversely, 
components having higher specific gravities, such as water and other substrates, 
occupy lower strata. The desired recovered components can then be extracted 



13 

using any of a number of extraction techniques that are well known in the art, 
such as pumping. 

[0042] Figure 3 is a plan view illustrating an example microwave energy 

applicator 50. The microwave energy applicator 50 includes a transition 
module 52 and an antenna body 54. In an example embodiment, the transition 
module 52 is approximately 2 feet long and the antenna body 54 is 
approximately 4 feet long. 

[0043] The transition module 52 includes a flange 56 that is coupled to a 

waveguide, such as the waveguide 20 of Figure 1 or the waveguide 42 of Figure 
2. The flange 56 preferably is implemented using a conventional waveguide 
flange, such as a WR975 type flange. A WR975 type flange is a conventional 
915 MHz waveguide having inner dimensions of 9-3/4" by 4-7/8". The flange 
56 is coupled to the antenna body 54 via a member 58, which preferably is 
formed from 1/8" thick aluminum walls. The construction of the member 58 in 
this implementation is illustrated in and described more fully in connection with 
Figure 6. 

[0044] The antenna body 54 may be formed from any of a variety of 

materials, including, but not limited to, an aluminum WR774 type waveguide 
material. A WR774 type waveguide material has a quadrilateral, e.g., 
rectangular, cross-section with inner dimensions of 3-3/4" by 7-1/2". The 
antenna body 54 has a longitudinal axis and an outer surface. Slots 60 are 
formed on the outer surface substantially parallel to one another. The slots 60 
are oriented substantially horizontally, i.e., substantially perpendicular to the 
longitudinal axis of the antenna body 54. In one implementation, the slots 60 
are formed along substantially the entire length of the antenna body 54. The 
size and configuration of the slots 60 are preferably selected to facilitate 
radiation of microwave energy having a particular frequency or frequencies 
selected for excitation of the molecular bonds between surfactant molecules and 
hydrocarbon or substrate molecules. In one implementation, the size and 
configuration of the slots 60 are selected to facilitate radiation of microwave 
energy having a frequency of approximately 915 MHz. One particular 
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configuration of the slots 60 is provided below in Table 1 in connection with 
Figure 5. 

[0045] The slots 60 preferably are formed on two parallel faces of the 

antenna body 54. While not required, the other two parallel faces of the antenna 
body 54 are preferably not slotted. In this example implementation, the slots 60 
facilitate radiation of microwave energy over approximately a 135° arc outward 
from each group of slots 60, i.e., from each of the two parallel faces having slots 
formed thereon. Accordingly, the microwave energy applicator 50 radiates 
microwave energy over an approximately 270° range. Limiting the radiation to 
this range substantially eliminates destructive interference between the 
microwaves, resulting in a relatively uniform radiation pattern over the 
approximately 270° range. To obtain a full 360° range of coverage, the 
contained treatment volume 12 may be rotated 90° during the demulsification 
process. Alternatively, the applicator may be swivel-mounted on the waveguide 
42 so that the applicator itself may be rotated 90°. As another alternative, the 
slots 60 may be formed on all four faces of the antenna body 54 to radiate 
microwave energy substantially over a 360° range, but the energy thus radiated 
may be characterized by a less uniform radiation pattern, such as areas of 
reduced intensity due to destructive interference between microwaves. 
[0046] Side walls 62 are located proximate each of four comers of the 

antenna body 54. The side walls 62 are preferably formed of an RF opaque 
material, such as aluminum. The side walls 62 extend approximately 1/2" over 
the slots 60 so as to facilitate insertion of RF transparent windows as depicted in 
and described in connection with Figure 4. A bar 64 formed from, for example, 
1/2" aluminum, is welded on the antenna body 54. An end cap 66, also formed 
from 1/2" aluminum, is coupled to an end of the antenna body 54 distal from the 
flange 56. 

[0047] The RF transparent windows allow microwave energy to pass 

through uninhibited while protecting the antenna body 54 from substantial 
ingress of gases or fluids. To further protect the antenna body 54 from 
substantial ingress of gases or fluids, an antenna enclosure may be formed 
proximate the antenna body 54 to substantially seal the antenna body 54 from 
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an environment external to the RF applicator. The antenna enclosure may be 
formed from a material having a low dielectric constant, preferably similar to 
the dielectric constant of the RF transparent window arrangement. For 
example, the antenna enclosure may be formed from fiberglass. 
[0048] Figure 4 is a cross-sectional view taken across section A-A of 

Figure 3. As shown in Figure 4, the side walls 62 are arranged to facilitate the 
insertion of RF transparent windows 68 over the antenna body 54, spaced apart 
from the antenna body by gaskets 70. The RF transparent windows 68 are 
formed from a material having a low dielectric constant, such as fiberglass or 
TEFLON® PTFE. Bars 72 and gaskets 74 secure the RF transparent windows 
68. An example implementation of a bar 72 is depicted in and described in 
connection with Figure 7. Bolts 76 secure the bars 72 to the side walls 62. 
Alternatively, machine screws or other fasteners can be used to secure the bars 
72 to the side walls 62. Silicone 78 can be used to fill voids to provide a 
substantially watertight and airtight seal. 

[0049] Figure 5 is a plan view illustrating an example implementation of 

the antenna body 54 and the member 58. As described above in connection 
with Figure 3, the antenna body 54 may be formed from an aluminum WR774 
type waveguide material having inner dimensions of 3-3/4" by 7-1/2". In the 
implementation shown in Figure 5, the antenna body 54 is formed integrally 
with the member 58 as a unitary module having an overall length of 6 feet. The 
width of this unitary module is illustrated as tapered from 9-3/4" at one end 
proximate the flange 56 to 7-1/2" at another end distal from the flange 56. As 
an alternative, the antenna body 54 and the member 58 can be constructed as 
distinct components. 

[0050] The antenna body 54 has an outer surface defining a number of 

slots 60. These slots 60 have a substantially horizontal orientation and are 
substantially parallel to one another. In one implementation, the size and 
configuration of the slots are selected to facilitate radiation of microwave 
energy having a frequency of approximately 915 MHz. One particular 
configuration of slots is provided below in Table 1. In Table 1, the slots 60 are 
identified by slot numbers, in which slot number 1 corresponds to the slot 
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closest to the flange 56 and slot number 33 corresponds to the slot most distant 
from the flange 56. Slot number 1 may be located, for example, approximately 
25-3/4" from the flange 56. The remaining slots may be located along the 
portion of the unitary module forming the antenna body 54 spaced 
approximately 1-3/8" apart from one another so as to be distributed along 
substantially the entire length of the antenna body 54. 



Slot Number 


Width (inches) 


Slot Number 


Width (inches) 


1 


5-1/8 


18 


4-7/8 


2 


4-7/8 


19 


5 


3 


4-5/8 


20 


5-1/8 


4 


4-9/16 


21 


5-1/8 


5 


4-9/16 


22 


5-1/4 


6 


4-17/32 


23 


5-3/8 


7 


4-17/32 


24 


5-7/16 


8 


4-17/32 


25 


5-9/16 


9 


4-17/32 


26 


5-19/32 


10 


4-1/2 


27 


5-11/16 


11 


4-9/16 


28 


5-25/32 


12 


4-9/16 


29 


5-13/16 


13 


4-5/8 


30 


5-7/8 


14 


4-5/8 


31 


5-15/16 


15 


4-11/16 


32 


6 


16 


4-11/16 


33 


6-1/16 


17 


4-11/16 







Table 1 



[0051] Figure 6 is a side view illustrating the antenna body 54 and the 

member 58 of Figure 5. As shown in Figure 6, the member 58 may be tapered. 
For example, the depth of the member 58 may vary from 5-1/8" at the end 
proximate the flange 56 to 4" at the end proximate the antenna body 54. The 
antenna body 54, on the other hand, is illustrated as having a substantially 
uniform depth of 5". 
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[0052] Figure 7 is a plan view illustrating an example implementation of 

a bar 72 of Figure 4. As described above in connection with Figure 4, the bars 
72 secure the RF transparent windows 68 in place. More particularly, the bars 
72 clamp the RF transparent windows 68 over the antenna body 54, providing a 
substantially watertight and airtight seal to prevent substantial ingress of gases 
and fluids from the external environment. The bar 72 preferably is 3/4" wide 
and, when installed, hangs over an inner edge of the side wall 62 by 
approximately 1/4". The bar 72 may be secured to the side wall 62 by bolts. 
[0053] In operation, an RF signal is provided from an RF signal 

generator, such as the RF generator 14 of Figure 1 or the RF generator 36 of 
Figure 2, to the microwave energy applicator 50. The RF signal enters the 
microwave energy applicator 50 through the flange 56 and travels down the 
member 58. When the RF signal enters the antenna body 54, a portion of the 
microwave energy contained in the RF signal is radiated from the first slot, i.e., 
the slot designated as slot number 1 in Table 1 above. The remainder of the 
microwave energy is propagated down the antenna body 54. A portion of the 
microwave energy radiates from each successive slot, attenuating the RF signal 
as the RF signal propagates down the antenna body 54. To counteract this 
attenuation, the antenna body 54 preferably is tapered so as to amplify the RF 
signal as it propagates down the antenna body 54. When the RF signal reaches 
the end cap 66, it is reflected by the end cap 66 back toward the flange 56. The 
length of the antenna body 54 and, consequently, the location of the end cap 66, 
are selected to promote constructive interference of the reflected microwaves. 
That is, as the microwaves are reflected up the antenna body 54 toward the 
flange 56, they reinforce rather than cancel the microwaves propagating down 
the antenna body 54. 

[0054] The microwaves emitted by the microwave energy applicator 50 

contain photons that deliver energy to the emulsion. The hydrocarbon 
molecules, substrate molecules, and surfactant molecules have different 
absorptive properties with respect to the photons. Each type of molecule has a 
range of frequencies it will absorb and emit based on the atoms included in the 
molecule and the types of bonding occurring within the molecule. In the case of 
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hydrocarbon molecules, which are considerably more complex than either 
substrate or surfactant molecules, the absorption spectrum substantially 
coincides with the frequency of the applied RF energy. 

[0055] When a hydrocarbon molecule absorbs a photon, the electrons in 

the hydrocarbon molecule absorb the energy carried by the photon and move to 
a higher energy level. The electrons then emit a photon and return to their 
previous energy levels. The amount of energy absorbed and released by the 
electrons is not sufficient to effect any noticeable increase in temperature. 
However, this absorption imparts sufficient energy to break weak bonds within 
the hydrocarbon molecule, thereby changing the specific gravity of the 
hydrocarbon molecule. Further, the energy imparted may be sufficient to break 
weak bonds between the hydrocarbon molecule and a substrate molecule to 
which it may be attached, allowing the hydrocarbon molecule to migrate. 
[0056] When the hydrocarbon molecules gain energy and release from 

the substrate, they begin to move until they emit their energy and reattach to 
substrate. If they move sufficiently far from the microwave energy applicator 
50 to be unable to absorb photons to raise the electrons to higher energy levels, 
the hydrocarbon molecules remain motionless. However, if the hydrocarbon 
molecules move toward the microwave energy applicator 50, emitting the 
energy leaves the hydrocarbon molecules within an energy zone where they can 
again absorb energy and continue moving. The process continues until the 
hydrocarbon molecules randomly find their way to an outlet, such as a pumping 
well, and are removed or are trapped, for example, by a vacuum system. The 
only molecules that will not eventually be trapped by this system are molecules 
that are too far from the microwave energy applicator 50 to absorb the 
necessary photons. With 75 kW of energy applied, for example, hydrocarbon 
molecules up to approximately 1700 feet away from the microwave energy 
applicator 50 can absorb sufficient energy to effect migration. Molecules at the 
outer edge of this range have a 75% chance of moving into this energy zone. 
Molecules within the energy zone have an almost 100% chance of being 
captured given sufficient time and the porosity of the substrate to allow the 
molecules to migrate to the pumping wells. 
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[0057] The demulsification technique is particularly efficient at 

recovering hydrocarbons from porous materials with a water table below the 
contamination. With a water table below the contamination, hydrocarbon 
molecules are less likely to migrate down, away from the microwave applicator 
50. If the substrate has high porosity, the hydrocarbon molecules will encounter 
relatively little resistance as they migrate toward the outlet. As a result, the 
hydrocarbon molecules will tend to migrate relatively large distances before 
emitting their energy. If the hydrocarbon pollution is above the water, the 
effective range will be sufficiently increased because less water will be present 
to absorb the energy, making more energy available to be imparted to the 
hydrocarbon molecules. 

[0058] As demonstrated by the foregoing discussion, various 

implementations of the present invention may provide certain advantages. 
Because the microwave energy is used to separate the molecular bonds between 
the hydrocarbon and the substrate, it is not necessary to heat the emulsion to the 
degree involved in heat-based separation techniques. Consequently, higher 
levels of microwave energy can be used to demulsify the emulsion, resulting in 
more effective demulsification. The effective operating range of the applicator 
is improved relative to some conventional techniques. For example, it has been 
demonstrated that the techniques disclosed in the present application can be 
used to treat an underground medium having a radius of 1700 feet. Moreover, 
the need to cool the applicator is substantially reduced. 

[0059] It will be understood by those who practice the invention and by 

those skilled in the art that various modifications and improvements may be 
made to the invention without departing from the spirit and scope of the 
disclosed embodiments. For example, while the applicator has been illustrated 
and described as having a generally rectangular cross-section, the applicator 
may have a different type of cross-sectional shape, such as a circular cross- 
section. The scope of protection afforded is to be determined solely by the 
claims and by the breadth of interpretation allowed by law. 



